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PRELIMINARY TRANSONIC PERFORMANCE RESULTS 

FOR SOLID AND SLOTTED TURBOJET NACELLE AFTERBODIES 

INCORPORATING FIXED DIVERGENT JET NOZZLES 

DESIGNED FOR SUPERSONIC OPEWITION* 

By Jack F. Runckel 

SUMMARY 

An investigation of three fixed afterbody-jet exit configurations 
designed for supersonic speeds has been conducted in the Langley 16-foot 
transonic tunnel. A fixed divergent ejector, a similar ejector with 
longitudinal slots, and a boattail with terminal bodies extending beyond 
a convergent nozzle were studied. The afterbodies were installed on a 
pylon-supported nacelle model, and the performance of the configurations 
was determined at Mach numbers from 0.80 to 1.06 at an angle of attack 
of Oo with jet total-pressure ratios from 1 (jet off) to about 8. 

All configurations were tested without secondary air flow. 

*< 

A d-1 . hydrogen peroxide jet simulator was used to supply the hot jet exhaust. 

The results of the investigation indicate that the terminal-fairing 
configuration had the highest thrust minus drag coefficients of the three 
configurations at all Mach numbers and the lowest effective drag with 

nozzle was eliminated by the addition of longitudinal s lo t s .  
afterburner nozzles. Flow attachment hysteresis on the 
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Sufficient research has now been conducted on turbojet nozzle- 
afterbody combinations to define design requirements for obtaining good 
internal performance and low external drag for design-point operating 
conditions (refs. 1 and 2). In order to maintain near-optimum thrust 
minus drag performance as the flight and engine operating conditions 
are changed, however, the primary nozzle size and both the nozzle and 

* Tit le, Unclassified . 
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afterbody surface shapes must be continuously var iab le .  
geometry components tend t o  be complex and heavy. I n t e r e s t  p e r s i s t s ,  
therefore ,  i n  spec ia l  arrangements of f ixed  o r  simply var ied geometry 
which can be used over t h e  des i red  ranges of operating conditions with 
acceptable performance pena l t i e s .  

Such var iab le  

- 

One type of s implif ied nacelle-afterbody arrangement being con- 
s idered is  t h e  f ixed  divergent e j e c t o r  i n  which the divergent p a r t  of 
the nozzle and the  ex te rna l  nace l le  l i n e s  remain f ixed  so that only the 
primary nozzle area and secondary flow rate vary. 
t h e  off-design performance of such an arrangement i s  reported i n  refer- 
ence 3. The present paper r epor t s  r e s u l t s  f o r  a second configurat ion 
of t h i s  type.  
nozzle w a s  modified by the addi t ion  of a number of longi tudina l  s l o t s  
ven t i l a t ing  it t o  the ex te rna l  flow. 
prevent nozzle flow overexpansion i n  off-design operation. 
a r e  reported f o r  a t h i r d  configuration i n  which s t i l l  greater in t e rac t ion  
of t h e  in t e rna l  and ex te rna l  flows i s  a t t a ined  by replacing the e n t i r e  
nozzle and the rear b o a t t a i l  surfaces  with s i x  separate  terminal  bodies.  
These bodies serve t h e  dual  purpose of increasing the e f f e c t i v e  f ineness  
r a t i o  of the  boa t t a i l  and of providing rearward sloping surfaces  fo r  
receiving th rus t  forces  from t h e  expanding je t .  The rearward sloping 
surface of the b o a t t a i l  region between the  terminal  fairings likewise 
can receive t h r u s t  forces  through boundary-layer-shock in t e rac t ion .  

An inves t iga t ion  of 

For th i s  second configurat ion the  divergent p a r t  of the 

The purpose of these s l o t s  w a s  t o  
Resul ts  a l s o  

Li The three afterbody arrangements s tudied were inves t iga ted  on a 

_. pylon-supported nace l le  model w i t h  both nonafterburner and af te rburner  
nozzles using the  hydrogen-peroxide j e t  simulation technique. (See .. 
ref.  4 . )  Tests were conducted a t  Mach numbers of 0.80, 0.90, 0.95, 1.00, 
and 1.05 w i t h  t he  model angle of a t t a c k  of Oo and a je t  pressure r a t i o  
from j e t  off  t o  approximately 8. 
and without secondary flow. 
t h r u s t  and drag measurements and pressure d i s t r ibu t ions  i n  the nozzles 
and over t he  a f te rbodies .  
data and se lec ted  pressure-d is t r ibu t ion  da ta  f o r  the zero secondary flow 
case a re  presented. 

A l l  models were inves t iga ted  both with 
The da ta  obtained consis ted of separate  

I n  order t o  expedite publ ica t ion ,  only force  

SYMBOLS 

A 

CD 

CD ' 

area,  sq f t  

ex terna l  drag coe f f i c i en t ,  - D 

S o a m  

e f f ec t ive  drag coe f f i c i en t ,  CF,p - (CF - CD) 
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e j e c t o r  t h r u s t  coef f ic ien t ,  2 
qdrn 

FP 
qCO& 

primary nozzle t h r u s t  coe f f i c i en t ,  - 

P - P, 

9, 
p ressure  coe f f i c i en t ,  

3 

e x t e r n a l  drag, l b  

diameter, i n .  

e j e c t o r  t h r u s t ,  l b  

primary nozzle t h r u s t ,  l b  

afterbedy length o r  e j e c t o r  spacing, i n .  

a x i a l  d i s tance  from e x i t ,  p o s i t i v e  forward, i n .  

Mach number 

s ta t ic  pressure,  l b / sq  f t  

t o t a l  pressure,  l b / sq  f t  

j e t  pressure  r a t i o  ( r a t i o  of primary j e t  t o t a l  p ressure  t o  
free-stream s ta t ic  pressure) 

dynamic pressure,  lb/sq f t  

rad ius ,  i n .  

ax ia l  d i s tance  from reference s t a t i o n ,  i n .  

afterbody r a d i a l  coordinate, i n .  

b o a t t a i l  angle 

meridian angle 

meridian angle 

a t  base, deg 

of afterbody, deg 

of terminal f a i r i n g ,  deg 

. 
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Subscripts  : 

a o r i g i n a l  afterbody 

b base 

b a l  balance 

e e x i t  of divergent nozzle, equivalent  

f primary nozzle base 

m maximum 

P primary nozzle 

S seal, s l o t  

t th roa t  of divergent e j e c t o r  

1 forward compartment 

2 rear compartment 

i inner 
c 

0 outer  

03 free-stream condi t ions 

Prime denotes e f f e c t i v e  value.  

DESIGN CONCEPTS 

Several  inves t iga t ions  have shown t h a t  a convergent-divergent nozzle 
i s  required t o  obtain maximum t h r u s t  from j e t  engines a t  supersonic Mach 
numbers. (See r e f s .  1 and 2 . )  When t h e  tu rbo je t  engine operates  wi th  
af terburning a t  these  speeds, secondary air  i s  requi red  f o r  cooling the  
t a i l g i p e ,  nozzle, and ac tua t ion  mechanism i n  addi t ion  t o  providing e f f i -  
c i e n t  e j ec to r  operation. Because t h e  b o a t t a i l  shape must a l s o  be con-, 
t inuously changed as the  Mach number is  var ied  t o  minimize af terbody 
drag, the j e t - e x i t  hardware with i t s  overlapping p l a t e s  and ac tua to r  
mechanism represents  a complicated apparatus having considerable  weight. 
The following sketch ind ica tes  t h i s  type of va r i ab le  nozzle-afterbody 
comb i n a t  ion : 
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Subsonic, nonafterburning Supersonic, a f te rburn ing  

Devices which simplify the  e x i t  design by e l imina t ing  t h e  need f o r  
varying t h e  shroud i n t e r n a l  and ex te rna l  shape are, the re fo re ,  des i r ab le  
providing t h a t  t h r u s t  and drag pena l t i e s  are minimized. 

The f i x e d  divergent e j e c t o r  i s  one such device that has been 
s tudied .  It has been found t h a t  j e t  pumping and ex te rna l  flow e f f e c t s  
can cause ser ious  lo s ses  i n  t h r u s t  with a f ixed  divergent e j e c t o r  when 
opera t ing  a t  off-design conditions with t h e  j e t  overexpanded (ref.  3 ) .  
The inves t iga t ion  of t h e  present divergent e j e c t o r  a t  t r anson ic  speeds 
a l s o  revealed that important i n t e r n a l  flow hys t e re s i s  e f f e c t s  e x i s t e d  
s ince  j e t  detachment took place a t  lower pressure  r a t i o s  than those for 
attachment. J e t  pumping and attachment wi th  a f ixed  divergent e j e c t o r  
a r e  shown i n  t h e  following sketch: 

- 2 , , , , _=Jet attachment 

Sub sonic, nonaf t erburning Supersonic, a f te rburn ing  

. 

Y 



6 . 
Because of the  inherent problems associated w i t h  the f ixed  diver-  

gent e j ec to r  i n  the  off-design range, two f ixed  afterbody configurat ions 
represent ing attempts t o  overcome overexpansion and hys te res i s  l o s ses  
were conceived. It w a s  expected that some of t h e  adverse e f f e c t s  of 
j e t  pumping on t h e  i n t e r n a l  surfaces  could be re l ieved  by v e n t i l a t i n g  
t h e  divergent nozzle t o  t h e  ex terna l  stream, s ince  da ta  f o r  b o a t t a i l  
shapes similar t o  the  present afterbody ( ref .  3) ind ica te  that ex te rna l  
pressures would be more pos i t i ve  than those on the  i n t e r n a l  surface of 
the present e j ec to r .  I n  addi t ion,  s l o t t i n g  could possibly el iminate  

/////”’‘ +% l o c a l  j e t  attachment on the  divergent 
nozzle. A preliminary s l o t  configura- 
t i o n  which vent i la ted  20 percent of 
the base circumference and tapered 

was selected.  The s l o t s  extended t o  
the  t h r o a t  of the divergent nozzle 
on the inside and t o  a point  some- 
what forward of t h i s  on the  e x t e r i o r  
surface t o  allow f o r  a smooth passage 
f o r  external  flow i n t o  the  tapered 
s l o t .  Vent i la ted divergent e j e c t o r  

forward t o  provide a th rus t  surface 
__t 

2*-- 
> ,///,, ir - 

(Nonafterburning ) 
Another approach t o  the  f ixed  

j e t  e x i t  configuration i s  the type 
of design that tends t o  in t eg ra t e  t h e  ex te rna l  and i n t e r n a l  stream 
e f f e c t s  t o  obtain acceptable performance over t he  speed range. Such a 
device is  the  terminal-fair ing configurat ion which has terminal  bodies 
extending downstream of the  primary jet  e x i t .  Some preliminary work 
( ref .  6) w i t h  a terminal-fair ing i n s t a l l a t i o n  on a fuselage j e t - e x i t  
model indicated that important decreases i n  afterbody drag could be 
achieved a t  supersonic and subsonic speeds. 
en t  terminal-fair ing configuration where the f ixed  geometry afterbody 
was designed f o r  t he  same engine-nacelle combination as that of the 
f ixed  divergent e j ec to r .  

This  work led t o  t h e  pres-  

The use of terminal-fair ing f ixed  geometry configurat ions may be 
benef ic ia l  i n  several  ways. The terminal  bodies increase the  e f f e c t i v e  
f ineness  r a t i o  of the  afterbody; t h i s  increase tends t o  reduce the pres-  
sure drag  a t  supersonic speeds. Rearwardly decreasing c ross  sec t ions  
of t he  terminal bodies provide area f o r  t he  expanding j e t  t o  t h r u s t  upon 
a t  high pressure r a t i o s .  The rearward sloping b o a t t a i l  s k i r t  between 
t h e  terminal f a i r i n g s  l ikewise may receive t h r u s t  forces  through boundary- 
layer-shock in te rac t ion  at supersonic speeds. Where low r a t i o s  of base 
t o  maximum diameter a r e  required,  t h e  terminal  f a i r i n g s  can reduce the 
e f f ec t ive  boa t t a i l i ng  and base area.  The secondary-air matching problem 
is eliminated with terminal f a i r i n g s ,  s ince  secondary a i r  is  only needed 
t o  cool  the t a i l p i p e ,  and t h i s  cooling air  is  vented t o  t h e  base of the 
ex te rna l  b o a t t a i l  surface s o  that it does not have t o  flow aga ins t  a 

c 

c 
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back pressure set by t h e  primary j e t .  I n  the conventional case l a r g e r  
amounts of secondary air  are needed for e j e c t o r  ac t ion  and f o r  cooling 
the  i n t e r n a l  e j e c t o r  surfaces.  The off-design advantages of s l o t t e d  
afterbody-nozzle combinations, however, must be considered toge ther  
with t h e  lower on-design performance of these  arrangements r e l a t i v e  t o  
the  s o l i d  divergent e j ec to r  i n  order t o  determine t h e  bes t  compromise 
f o r  t h e  e n t i r e  speed range. 

I n  designing t h e  terminal-fair ing model, a reasonable compromise 
on t h e  af terbody-boat ta i l  angle must be made if the  drag is  t o  be kept 
low a t  both subsonic and supersonic speeds. Transonic je t -exi t  inves- 
t i g a t i o n s  have indicated that the  optimum b o a t t a i l  angle should be 
between 5 O  and 8'. (See r e f s .  7 and 8.) Reference 9 has shown a l s o  
t h a t  t h e  drag of such af terbodies  remains reasonably low a t  supersonic 
speeds. Therefore, a body having a t o t a l  a r ea  progression of b o a t t a i l  
p lus  terminal  f a i r i n g s  corresponding t o  a parabol ic  body with an equiva- 
l e n t  b o a t t a i l  angle of 8' at t h e  base w a s  se lec ted  as a s t a r t i n g  po in t .  
The maximum l o c a l  slope of t h e  b o a t t a i l  s k i r t  between t h e  te rmina l  
f a i r i n g s  w a s  held a r b i t r a r i l y  t o  16O and t h e  primary nozzle w a s  designed 
t o  change from a simple convergent shape f o r  t h e  nonafterburing case t o  
a small-expansion-ratio convergent-divergent shape f o r  t h e  a f te rburn ing  
case. 
primary nozzle l i p s  aga ins t  a shor t  f ixed s k i r t . )  

(This change could be accomplished p r a c t i c a l l y  by opening the  

ApPplRATUS AND PROCEDURE 

Wind Tunnel 

This inves t iga t ion  w a s  conducted i n  t h e  Langley 16-foot t ransonic  
tunnel ,  which i s  a s ingle-return atmospheric wind tunnel  wi th  an octago- 
n a l  s l o t t e d  t e s t  sec t ion .  Tunnel Mach number can be var ied from low 
subsonic values up t o  about 1.08 by increasing the  tunnel  dr ive  power. 

Model and Support System 

A sketch of t h e  pylon nace l le  je t -s imulator  model used i n  t h e  inves- 
t i g a t i o n  i s  presented i n  f igu re  1. The nace l le  consis ted of an ogiva l  
forebody, a cy l ind r i ca l  centerbody having a maximum diameter of 
6.50 inches, and af terbodies  which were detachable a t  t h e  47.125-inch 
s t a t i o n .  The support system consisted of a conventional s t i n g  with an 
i n t e g r a l  sweptforward pylon a t  the  forward end. 
t o  t h e  pylon through a &-component i n t e r n a l  strain-gage balance.  
separa te  t h r u s t  measuring system was a l s o  mounted from t h e  pylon support 
with a hydrogen peroxide je t  simulator connected t o  t h e  t h r u s t  balance.  
The j e t  simulator un i t ,  which. i s  described i n  reference 4, produces a 

The nace l l e  w a s  a t tached 
A 
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af te rburner  primary nozzle, and a cor rec ted  secondary weight-flow r a t i o  
of 0.042. The afterbody consis ted of a curved b o a t t a i l  s ec t ion  wi th  a 
s m a l l  base. A sketch of t h i s  afterbody-nozzle combination i s  given i n  

I f i g u r e  3 ,  and the  divergent e j e c t o r  parameters are presented i n  tables I 
i and 11. 

.. ... . ... . .. ... .. 
0 .  0 .  ... .. ... . . . . 0. .  .. : : .: : .i i 0 :  : : 

hot j e t  exhaust a t  a temperature of about 1,350° F. Jet t o t a l  pressure 
w a s  measured by a probe i n s t a l l e d  i n  t h e  t a i l p i p e  near t h e  primary noz- 
z l e  e x i t .  
t ransonic  tunnel  t e s t  s ec t ion  i s  shown i n  f i g u r e  2. 

A photograph of t h e  model i n s t a l l e d  i n  t h e  Langley 16-foot 

Afterbody Configurations 

Fixed divergent e j ec to r . -  The f i x e d  divergent e j e c t o r  w a s  designed 
f o r  a stream Mach number of 2.0, a j e t  pressure r a t i o  of 10.1 f o r  an  

S lo t ted  divergent e j e c t o r . -  The f ixed  divergent  e j e c t o r  w a s  a l t e r e d  
by cu t t ing  8 longi tudina l  s l o t s  extending from t h e  e j e c t o r  t h r o a t  t o  t h e  
e x i t  and from the  i n t e r n a l  t o  ex te rna l  sur faces .  This configurat ion i s  
a l s o  i l l u s t r a t ed  i n  f igu re  3 ,  and photographs of t h e  s l o t t e d  model are 
presented i n  f igu res  4 and 5 .  
t e rs  a r e  a l s o  given i n  tables I and 11. 

The nozzle dimensions and e j e c t o r  parame- 

Terminal f a i r i n g s . -  The terminal  f a i r i n g  model w i th  6 te rmina l  
bodies i s  shown i n  t h e  photographs of f i g u r e  6, and a ske tch  of t he  con- 
f igura t ion  i s  presented i n  f i g u r e  7. The af terbody w a s  approximately 
parabol ic  i n  shape wi th  a b o a t t a i l  angle of 16' a t  t h e  base. The e f f ec -  
t i v e  b o a t t a i l  angle based on t h e  equivalent  rad ius  of t h e  t o t a l  cross-  
sec t iona l  area w a s  8'. (See f i g .  8.) The cross -sec t iona l  area of t he  
f a i r i n g s  was made a maximum a t  t h e  base, and t h e  rad ius  of each body 
w a s  constant forward of t h e  base wi th  t h e  r ad ius  center  l i n e  becoming 
more submerged toward t h e  forward end. The f a i r i n g s  were c i r c u l a r  i n  
c ross  sec t ion  t o  the  rear of t h e  base wi th  a t a p e r  based on a continua- 
t i o n  of the f a i r i n g  l i n e s  of t he  bodies on t h e  b o a t t a i l .  A s m a l l  cu tof f  
of t h e  design l i n e s  w a s  necessary on t h e  in s ide  sur face  of t h e  f a i r i n g s  
i n  model construct ion t o  c l e a r  t h e  a f te rburner  nozzle l i p .  This  l i p  had 
3' of divergence beyond t h e  t h r o a t ,  and t h e  af terbody w a s  cu t  back 
s l i g h t l y  t o  prevent impingement of t he  primary j e t  on t h e  in s ide  sur face  
of t h e  b o a t t a i l .  

Tests 

All configurations were kept a t  an angle of a t t a c k  of 0' throughout 
the  Ikch  number range of 0.80 t o  1.06. 
on body length w a s  about 20.7 x 10 . The ,jet s imulator  system w a s  oper- 
s t e d  a t  r a t i o s  of primary j e t  t o t a l  pressure t o  free-stream s t a t i c  pres -  
sure  from 1 ( j e t  o f f )  up t o  maximum values of about 8 f o r  t he  s l o t t e d  

The average Reynolds number based 
6 

- 



ma a a m  - m m m  m m m  am 
m a  a m  o m  

m a  ma am 
* m a  m a  m a  - a m  

m m m  ma m a  m m m  9 

~- 
divergent e j e c t o r  and te rmina l  f a i r i n g  models and up t o  a maximum value 
of approximately 5 f o r  t h e  s o l i d  divergent e j e c t o r .  
w a s  supplied t o  t h e  e j e c t o r s  during the p a r t  of t h e  inves t iga t ion  
repor ted  i n  t h i s  paper. 

No secondary air 

Instrument a t  ion  

Four-component fo rce  and moment measurements of t h e  nace l l e  were 

The one-component t h r u s t  balance provided a measure 
Pressures were measured on t h e  afterbody, 

obtained from t h e  i n t e r n a l  balance, but only drag measurements are 
reported here in .  
of t h e  primary j e t  t h r u s t .  
base, and on t h e  divergent e j e c t o r  walls and te rmina l  bodies a t  t h e  
loca t ions  shown i n  f igu res  3 and 7. To ta l  p ressure  and t h e  temperature 
i n  t h e  primary j e t  were a l s o  measured. 

Data Reduction 

Forces and pressures  were converted t o  standard c o e f f i c i e n t s  through 
the  process described i n  re ference  3. The drag component of t h e  main 
balance measured t h e  a x i a l  forces  on t h e  external  sur face  of t h e  nace l l e  
and t h e  fo rce  on the  i n t e r n a l  divergent e j e c t o r s  p lus  a s m a l l  i n t e r n a l  
pressure  fo rce .  The t h r u s t  balance measured t h e  primary nozzle t h r u s t  
and some i n t e r n a l  fo rces .  The n e t  propulsive force ,  or e j e c t o r  t h r u s t  
minus e x t e r n a l  drag, w a s  obtained from t h e  d i f f e rence  i n  balance readings 
and an i n t e r n a l  pressure  cor rec t ion  term: 

bal F - D = F  - p2) 

The loca t ion  of t hese  balances, areas,  and pressures  i s  shown i n  f i g u r e  9. 
It should be remembered t h a t  because of t h e  d i f f e rences  i n  phys i ca l  
c h a r a c t e r i s t i c s  of t he  primary flows ( s e e  d iscuss ion  i n  ref.  4) t h e  
t h r u s t  minus drag coe f f i c i en t s  determined i n  t h e  tests w i l l  be somewhat 
d i f f e r e n t  from those f o r  a corresponding t u r b o j e t  nace l l e  opera t ing  a t  
t h e  same pressure  r a t i o .  Differences i n  t h r u s t  minus drag c o e f f i c i e n t ,  
however, a f fo rd  a use fu l  comparison of t h e  reiatli-e xerLt of t h c  s e v e r ~ l  
conf igura t ions  so  long as the  primary nozzle t h r u s t  a r eas  are e s s e n t i a l l y  
i d e n t i c a l .  I n  a configuration of t h i s  type, because of t h e  ex tens ive  
aerodynamic in t e r f e rences  between the e x t e r n a l  and i n t e r n a l  flow systems, 
it is  not p r a c t i c a l  t o  separate t h e  t h r u s t  and drag fo rces  i n t o  the  con- 
vent iona l  separa te  quan t i t i e s  used i n  preliminary design. The t o t a l  
momentum of t h e  j e t  flow at  t h e  sonic t h r o a t  of t h e  primary nozzle ( t h e  
sonic j e t  t h r u s t )  i s  not subject t o  t hese  in te r fe rence  e f f e c t s ,  however, 
and i s  a b a s i c  quant i ty  sometimes used by engine manufacturers i n  
def in ing  engine performance. The sonic j e t  t h r u s t  Fp w a s  obtained as 
follows : 
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FP = Fbal  - (Pf - pm)(As,2 - "P) + 

where the loca t ions  of t h e  balance, areas, and pressure  are shown on 
f i g u r e  9. 
model drag value, u se fu l  f o r  comparing t h e  merits of t h e  seve ra l  con- 
f igu ra t ions  i n  f ami l i a r  terms, can be obtained by subt rac t ing  t h e  model 
t h r u s t  minus drag force  from t h e  sonic  j e t  t h r u s t :  

With t h i s  d e f i n i t i o n  of sonic j e t  t h r u s t ,  an "ef fec t ive"  

D '  = F - (F - D) P 

I n  t h e  p resen t  case with zero secondary flow, t h e  "ef fec t ive"  drag value 
is  physical ly  the  conventional ex te rna l  drag p lus  t h e  fo rces  e x i s t i n g  
on t h e  divergent sur faces  of t he  exhaust nozzle. Thus, any t h r u s t  
increase due t o  expansion of t h e  primary j e t  flow appears as a reduct ion 
i n  e f f e c t i v e  drag; and, conversely, suc t ion  fo rces  on t h e  divergent p a r t  
of t h e  nozzle due t o  j e t  overexpansion o r  flow separa t ion  appear as 
increases i n  e f f e c t i v e  drag. With e f f e c t i v e  drag defined i n  t h i s  way, 
bene f i c i a l  e j e c t o r  performance appears as reduced e f f e c t i v e  drag, and 
e j e c t o r  t h rus t  losses  appear as increased e f f e c t i v e  drag. 

The e f f e c t  of pylon s t r u t  support on ex te rna l  drag w a s  not  evalu- 
a t ed  i n  t h i s  inves t iga t ion ,  but  it is  be l ieved  t o  be small. I n t e r f e r -  
ence e f f e c t s  on a l l  three configurat ions would be expected t o  be essen- 
t i a l l y  the same, s ince  af terbody attachment t o  t h e  r-acelle w a s  i d e n t i c a l  
i n  a l l  cases. 

Accuracy 

The estimated accuracy of t he  da t a  presented i n  t h i s  paper is  as 
follows : 

M,. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ko.005 

c p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +o. 01 
c F - c D  . . . . . . . . . . . . . . . . . . . . . . . . . . .  +o. 01 
CD1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20.01 

pt, j/p, . . . . . . . . . . . . . . . . . . . . . . . . . . .  +o. 05 

RESULTS AND DISCUSSION I 
J e t  Nozzle Performance 

A measure of t h e  primary j e t  nozzle performance is t h e  discharge 
coe f f i c i en t  or  r a t i o  of measured weight flow t o  t h e  ideal weight flow a-w 

. ' 4  

- 1  

. '  



. 11 

. 

based on the  measured j e t  pressures  and temperatures. Typical values 
of discharge coe f f i c i en t  of about 0.94 which are cons is tan t  w i th  
expected values ( re f .  4) were obtained f o r  t h e  primary nozzle of t h i s  
inves t iga t ion .  The e j e c t o r  t h r u s t  r a t io ,  or r a t i o  of measured primary 
convergent-nozzle t h r u s t  plus  divergent e jector-nozzle  t h r u s t  t o  i d e a l  
convergent-nozzle t h r u s t ,  w a s  0.88 for  t h e  divergent e j e c t o r  model a t  
a Mach number of 0.95 and a j e t  pressure r a t i o  of 4.45 with nonafter-  
burner nozzle. It is evident that t h e  fo rces  on the  divergent nozzle 
f o r  t h i s  t y p i c a l  off-design case represent  a loss  i n  e j e c t o r  t h r u s t .  

Thrust Minus Drag Measurements 

The t h r u s t  minus drag performance of t h e  t h r e e  f ixed  nozzle a f t e r -  
body configurat ions i s  presented i n  f i g u r e s  10 and 11 f o r  t h e  nonafter-  
burner and af te rburner  nozzles, respec t ive ly .  A s  noted i n  t h e  sec t ion  
e n t i t l e d  "Data Reduction," it should be  remembered t h a t  t h e  c o e f f i c i e n t s  
shown a r e  not d i r e c t l y  appl icable  t o  t h e  performance of a i rp l ane  i n s t a l -  
l a t i o n s .  Al so ,  i n  t he  nonafterburner case,  t h e  t h r u s t  minus drag coef- 
f i c i e n t s  shown f o r  t h e  divergent e j ec to r  are n s t  d i r ec t ly  comparable t o  
those f o r  t he  o ther  two configurations because of a s m a l l  d i f fe rence  i n  
primary nozzle-throat diameter. A s  shown i n  t h e  next 
sec t ion  of t he  paper, "Effective Drag Comparisons," t h e  d i f fe rences  i n  
t h r u s t  due t o  t h e  d i f fe rences  i n  nozzle-throat a r ea  a r e  enough t o  
reverse  the  order of meri t  of t h e  divergent e j e c t o r  and s l o t t e d  e j e c t o r  
configurat ions.  

(See table 11.) 

The f lagged symbols i n  f i g u r e  10 ind ica t e  da ta  obtained when the  
pressure r a t i o  w a s  decreased from tha t  required t o  a t t a c h  t h e  j e t  t o  t he  
divergent e j e c t o r  w a l l .  The j e t  remains at tached t o  a pressure  r a t i o  
lower than t h a t  required f o r  j e t  attachment; therefore ,  overexpansion 
of t he  j e t  and a consequent l o s s  i n  e j e c t o r  t h r u s t  r e s u l t s .  This loss  
i s  apparent a t  a l l  Mach numbers. Resul ts  not presented show t h a t  t h i s  
hys t e re s i s  p e r s i s t s  with small quan t i t i e s  of secondary flow up t o  3 per-  
cent of t he  primary a i r  flow and t h a t  it can be eliminated wi th  l a r g e r  
quan t i t i e s  of secondary air flow. No hys t e re s i s  e f f e c t s  were noted f o r  
t he  two ven t i l a t ed  configurat ions,  and important flow hys t e re s i s  e f f e c t s  
apparent ly  d id  not occui- i n  ariy zf t h e  af terburning configurat ions.  
(See f i g .  11.) 

The t h r u s t  minus drag da ta  f o r  t h e  t h r e e  configurat ions are d i r e c t l y  
comparable i n  t h e  af terburning case because the  primary nozzle t h r o a t  
a r eas  were i d e n t i c a l .  (See t a b l e  11.) I n  general ,  these  d a t a  ( f i g .  11) 
show s i g n i f i c a n t  performance gains f o r  t h e  s lot ted-af terbody and terminal-  
f a i r i n g  configurat ions over those f o r  the  s o l i d  divergent e j e c t o r .  One 
exception i s  t h a t  t he  advantage of t h e  ven t i l a t ed  e j e c t o r  over t h e  s o l i d  
e j e c t o r  e s s e n t i a l l y  vanishes a t  the maximum t e s t  Mach number. (See 
f i g .  l l ( d )  .) This change i s  caused presumably by the  i n t e r n a l  pressure  dm 
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not being s u f f i c i e n t  i n  t h e  case of t h e  s l o t t e d  nozzle t o  prevent some 
inflow i n t o  t h e  s l o t s  and thereby t o  increase the  e f f e c t i v e  ex te rna l  
b o a t t a i l  angle.  ( A  sample pressure d i s t r i b u t i o n  i s  shown later.)  

Thrust minus drag coe f f i c i en t s  f o r  t h e  three nozzle-afterbody com- 
binat ions a r e  p lo t t ed  aga ins t  Mach number i n  f igu res  12 and 13 f o r  a 
schedule of j e t  pressure r a t i o s  t y p i c a l  f o r  an advanced t u r b o j e t  engine. 
Within the Mach number range of the  tests, t h e  te rmina l - fa i r ing  configu- 
r a t i o n  is  shown t o  have provided s i g n i f i c a n t  gains  i n  t h r u s t  minus drag 
coe f f i c i en t  over that f o r  t h e  M, = 2 design s o l i d  divergent  e j e c t o r  
wi th  both nonafterburner and af te rburner  nozzle operat ion.  Unpublished 
r e s u l t s  ind ica te  t h a t  t he  performance of t he  divergent  e j e c t o r  may be 
expected t o  improve wi th  t h e  use of secondary flow. Fur ther  research  
is  required,  therefore ,  t o  optimumize and evaluate  t h e  r e l a t i v e  m e r i t  
of configurat ions of these  two types.  Because of t h e  comparison d i f f i -  
c u l t i e s  encountered f o r  t he  nonafterburner case,  t h e  da ta  of f igu res  12 
and 15 are  r ep lo t t ed  i n  f igu res  14  and 15 i n  terms of t h e  e f f e c t i v e  drag 
coe f f i c i en t  which provides a more v a l i d  comparison and r e l a t e s  t h e  
increments shown t o  a f a m i l i a r  reference,  t h e  nace l le  drag. The e f f ec -  
t i v e  drag coe f f i c i en t  w a s  obtained by removing values of t h e  primary 
nozzle sonic-thrust  coe f f i c i en t  from t h e  experimentally determined 
values of t h r u s t  minus drag c o e f f i c i e n t .  

Ef fec t ive  Drag Comparisons 

For the nonafterburning case,  it i s  shown i n  f i g u r e  14  t h a t  t he  
e f f e c t i v e  drag coe f f i c i en t s  f o r  t he  s l o t t e d  e j e c t o r  are higher than 
those  f o r  t h e  s o l i d  e j ec to r ,  desp i t e  t h e  reverse  order of m e r i t  shown 
f o r  t h e  th rus t  minus drag c o e f f i c i e n t s  i n  f i g u r e  12. A s  s t a t e d  previ -  
ously, the d i f fe rence  i s  caused by the  s l i g h t l y  oversize  primary nozzle 
used i n  the s l o t t e d  configurat ion ( t a b l e  11) which provided more t h r u s t  
than t h e  smaller nozzles a t  any given j e t  pressure r a t i o  and thus  inva l -  
ida ted  the uncorrected t h r u s t  minus drag comparisons. It should be 
pointed out that the  divergent e j e c t o r  da t a  shown by t h e  s o l i d  l i n e  of 
f i g u r e  14  represents  a s l i g h t  ex t rapola t ion  of t e s t  r e s u l t s  t o  obta in  
the  e f f e c t i v e  drag c o e f f i c i e n t s  a t  scheduled j e t  pressure r a t i o s .  These 
pressure  r a t i o s ,  however, a r e  i n  t h e  region where flow-attachment hys- 
teresis takes place ( see  f i g .  10 (b ) ,  f o r  example), and l a rge  increases  
i n  e j e c t o r  drag can occur i f  t h e  j e t  a t t aches  t o  t h e  w a l l s  of t h e  diver-  
gent e j ec to r .  Values of e f f e c t i v e  drag coe f f i c l en t  f o r  j e t  attachment 
a r e  a l s o  shown i n  f igu re  14  t o  ind ica t e  t h e  severe increases  i n  drag 
f o r  t h i s  condition. 

.. 

Operation with a f te rburner  nozzles ( f i g .  15) r e s u l t e d  i n  t h e  
te rmina l - fa i r ing  configurat ion providing e f f e c t i v e  drag c o e f f i c i e n t s  
lower than those of t h e  M, = 2 design s o l i d  divergent e j e c t o r  by 19 t o  
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33 percent .  
however, increased a t  subsonic speeds i n  going from t h e  nonafterburner 
t o  t h e  a f t e rbu rne r  nozzle coe f f i c i en t  while t h e  drag of t h e  terminal-  
f a i r i n g  model remained e s s e n t i a l l y  constant. 
nozzle i n  t h e  s l o t t e d  divergent e j ec to r  conf igura t ion  r e s u l t e d  i n  a 
reduction i n  e f f e c t i v e  drag coef f ic ien t  at  t h e  highest  t es t  speed. 
r e l a t i v e  performance of t he  s o l i d  and s l o t t e d  configurations a t  t h e  
design poin t  (M, = 2) i s  present ly  unknown. 

The e f f e c t i v e  drag coe f f i c i en t s  f o r  t h e  divergent e j e c t o r ,  

Changing t o  t h e  a f t e rbu rne r  

The 

Pressure Measurements 

Sample surface-pressure-distribution measurements o f f e r  a p a r t i a l  
explanation as t o  t h e  reason that s l o t t i n g  t h e  divergent e j e c t o r  pro- 
duced de t r imenta l  e f f e c t s  f o r  nonafterburner nozzle operation and favor- 
ab le  e f f e c t s  f o r  a f te rburner  nozzle operation. I n  t h e  former case 
( f i g .  16(a)) t h e  e f f e c t  of s l o t t i n g  w a s  t o  increase  the  e x t e r n a l  pres -  
sures  i n  the  region of t h e  base and t o  decrease pressures  ahead of t h i s  
region, This e f f e c t  would be expected i f  e x t e r n a l  flow w a s  en t e r ing  t h e  
forward por t ions  of t h e  s l o t s .  
p ressures ,  except near t he  e x i t ,  were lower f o r  t h e  s l o t t e d  configura- 
t i o n  because t h e  s l o t s  vented t h e  i n t e r i o r  space t o  a b o a t t a i l  p ressure  
lower than the  base pressure of t h e  s o l i d  e j e c t o r  configuration. 
t h e  supersonic speeds the  pressures  on the  divergent nozzle increased 
wi th  s l o t t i n g ,  bu t  t h e  increase  apparently w a s  not enough t o  overcome 
t h e  reduction i n  ex te rna l  b o a t t a i l  pressure. 

For t h e  a f t e rbu rne r  nozzles ( f i g .  16(b)) ,  t h e  pressure  d i s t r i b u t i o n s  

A t  t h e  subsonic Mach number, i f i t e rna l  

A t  

on t h e  ex te rna l  sur face  s o l i d  and s l o t t e d  e j e c t o r  configuration are s i m -  
i l a r  t o  those f o r  t h e  nonafterburner nozzle. However, l a r g e  increases  
i n  i n t e r n a l  pressure  occur f o r  t h e  s l o t t e d  configuration because of a 
reduct ion  i n  overexpansion of t h e  i n t e r n a l  flow which is  d i r e c t l y  charge- 
ab le  t o  v e n t i l a t i o n  of t h e  i n t e r n a l  sur faces  by t h e  s l o t s .  The r e s u l t s  
of f i g u r e  16 ind ica t e  t h a t  sho r t e r  s l o t s  extending from t h e  e x i t  forward 
about halfway t o  t h e  th roa t  may provide increases  i n  performance wi th  
both  s i z e s  of primary nozzles by reducing both  t h e  ex te rna l  and i n t e r n a l  
drag from t h e  value of t h e  f ixed  divergent e j e c t o r  . 

The improved performance o f  the te rmina l - fa i r ing  conf igura t ion  rela- 
t i v e  t o  t h e  performance of t h e  s o l i d  and s l o t t e d  e j e c t o r  conf igura t ions  
i s  a t t r i b u t e d  t o  t h e  change i n  e f f e c t i v e  b o a t t a i l  shape. This change 
bo th  reduced t h e  b o a t t a i l  pressure drag and increased t h e  pressure  
a c t i n g  on t h e  engine base ( t h e  annular area between t h e  nozzle and shroud 
diameter, f i g .  7) by increasing the average l e v e l  of pressure  of t h e  flow 
t o  which t h i s  base w a s  e f f e c t i v e l y  vented. For t h e  range of conditions 
shown i n  figures 14 and 15, t he  primary nozzle base pressure  c o e f f i c i e n t s  
are presented i n  f i gu re  17. The values f o r  bo th  the  nonafterburner and 
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afterburner nozzles are generally considerably higher for the terminal- 
fairing configuration than for the other two configurations. 

The superiority of the terminal-fairing configuration to the others 
in the afterburner nozzle case undoubtedly arises from the same sources 
as in the nonafterburner case. The complexity of the shape of the 
terminal-fairing configuration together with the fact that the engine 
bases (which were useful as a region of comparison in the nonafterburning 
case) are essentially eliminated in the afterburning case effectively 
prevents satisfactory explanation of this superiority by comparison of 
pressures in a few local regions. 

Obviously, much more work is required in order to optimumize the 
terminal-fairing type of design and to develop specific design rules. 
It is noted that the sensitivity of the ventilated-type nozzle to the 
boattail-flow pressure level indicates that external flow interferences 
between the nacelle and other parts of the airplane must be taken into 
account in afterbody design to a much greater extent than is customary 
for most solid-nozzle installations. 

CONCLUDING REMARKS 

The results of the present preliminary investigation of the tran- 
sonic performance of turbojet nacelle afterbodies, incorporating fixed 
divergence geometry jet nozzles designed for supersonic operation, indi- 
cate that substantial performance gains can be obtained in off-design 
operation by properly designed afterbody slots. 
configuration studied provided effective drag coefficients lower than 
those for a Mach number 2 design solid walled divergent-ejector after- 
body by 19 to 33 percent in the afterburner nozzle case. 
and secondary-flow matching problems also are eliminated with this type 
of design. 

The "terminal fairing" 

Flow hysteresis 

The performance of a slotted afterbody in design point operation is 
The design requirements for slotted afterbodies also presently unknown. 

are not well understood beyond the basic requirement that the external 
part of the slotted surface must both increase the effective fineness 
ratio of the afterbody and provide as high as possible static pressures 
at the outside entrances to the slots. Obviously much further research 
must be undertaken before the merit of the slotted afterbody can be estab- 
lished relative to other fixed-geometry arrangements of interest such as 
the fixed divergent ejector with a large amount of secondary flow. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., August 21, 1958. 
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Dimension Divergent ejector Slotted 
configuration configuration 

2.77 2-77 dP 
de 3.92 3.92 
dt 3.25 3.25 

4.23 4.23 
L 2.97 2-97 

1.01 1.01 Lt 

db 

TABLE I. - EJECTOR DIMENSIONS MEASURED AT AMBIENT TEMPERATURE 

Terminal-fairing 
configuration 

2.77 
---- 
---e 

---- 
3.19 ---- 

t 

Dimens ion 

dP 
de 
dt 
db 
L 
Lt 
Ls,i 
Ls,o 

(a) Nonafterburner primary nozzle 

Dimensions for - 
Divergent ejector 
configuration 

2.12 
3.92 
3-23 
4.23 
2.40 
.43 

---- 
---- 

Slotted 
configuration 

2.19 
3.92 
3.25 
4.23 
2.46 
-49 
1.98 
3.16 

(b) Afterburner primary nozzle 

Terminal-fairing 
configuration 

. 
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TABU 11. - EJECTOR DIMENSIONS CALCULATED FOR HOT T?B@ERATUFES 

(a) Nonafterburning primary nozzle 

Dimension 

dp 
de 
dt 
‘b 
L 
Lt 

Divergent ejector 
configuration 

2.15 
3.96 
3.26 
4.25 
2.22 
.26 
1.85 
1.52 
1.98 
1.04 
.12 

Dimensions for - 
Slotted 

configuration 

2.22 

3.96 
3.26 
4.25 
2.28 
32 

1.78 
1.47 
1.91 
1.03 
.14 

(b) Afterburner primary nozzle 

Terminal-fairing 
configuration 

Divergent ejector 
configuration 

2.81 
3.96 
3.26 
4.25 
2.80 
.84 
1.41 
.i. 16 
1.52 
1.00 

.30 

Dimensions for - 

Slotted 
configuration 

2.81 
3.96 
3.26 
4.25 
2.80 
.84 
1.41 
1.16 
1.52 
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(a) M, = 0.80. 

Figure 10.- Variat ion of t h r u s t  minus drag coe f f i c i en t  with j e t  pres -  
sure r a t i o  f o r  t h e  f ixed  af terbody models. Nonafterburner nozzle 
configuration. 
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(b) M, = 0.90. 

Figure 10. - Continued. 
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Figure 10.- Continued. 
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(d) M, = 1.00. 

Figure 10. - Continued. 



-a- -- Slotted divergent ejector 
-- - Terminal fairings 

Flagged symbols indicate decreasing 
pressure ratio operation 
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( e )  M, = 1.05 (divergent ejector M, = 1-00). 

Figure 10. - Concluded. 
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Figure 11.- Variat ion of t h rus t  minus drag coe f f i c i en t  with j e t  p res  
sure  r a t i o  f o r  t he  three  f ixed  afterbody models. Afterburner noz 
configurat ions.  
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Figure 11.- Continued. 
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( c )  M, = 1.00. 

Figure 11.- Continued. 
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( d )  M, = 1.05 (divergent  e j e c t o r  M, = 1.06) . 
Figure 11.- Concluded. 
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Figure 12.- Variation of thrust minus drag coefficient with Mach number 
for the fixed afterbody models at a scheduled jet pressure ratio. 
Nonafterburner nozzle configurations. 
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Figure 13.- Variation of thrust minus drag coefficient with Mach number 
for the fixed afterbody models at a Scheduled jet pressure ratio. 
Afterburner nozzle configurations. 
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Figure 14.-  Variat ion of e f f ec t ive  drag coe f f i c i en t  with Mach number 
f o r  t he  th ree  f ixed  afterbody models a t  a scheduled j e t  pressure 
r a t i o .  Ifonafterburner nozzle configurat ions.  
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Figure 15.- Variation of effective drag coefficient with Mach number 
for the three fixed afterbody models at a scheduled jet pressure 
ratio. Afterburner nozzle configurations. 
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Axin! d i ~ t c n ~ e  from exit in diameters, Z/de 

(a) Nonafterburner nozzles. 

Figure 16.- Typical pressure d i s t r i b u t i o n s  obtained over rear po r t ions  
of divergent e j e c t o r  and s l o t t e d  divergent e j e c t o r  configurations.  
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(b )  Afterburner nozzles.  

Figure 16.- Concluded. 
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Figure 17.- Variation in average pressure coefficient at the primary 
nozzle base vith Nach nimber f o r  scheduled jet pressure ratios. 
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